The fraction in which direct contact occurs between micellar-phase phenanthrene and the bacterial cell surface was estimated by measuring the toxicity of nonionic surfactant (Tween 80 and Triton X-100) solutions to the phenanthrene-degrading bacterium, Pseudomonas putida P2. Cell viability of completely dissolved phenanthrene decreased by 30% at concentrations greater than 0.3 mg L À1 , which is equal to approximately one third of its solubility. Both nonionic surfactants had no effect on cell viability up to 5 g L À1 . Cell viability increased with increasing surfactant concentration at a fixed phenanthrene concentration, due to the decreased concentration of aqueous-pseudophase phenanthrene and the reduced fraction of direct contact. The fraction of direct contact was c. 20% or more below 3 g L À1 of
Introduction
Bioremediation of hazardous hydrophobic organic compounds (HOCs), such as polycyclic aromatic hydrocarbons (PAHs), is a major environmental concern due to their toxic and carcinogenic properties (Cerniglia, 1992; Woo et al., 2001; Bamforth & Singleton, 2005) . These compounds are released in the environment as a result of incomplete combustion of fossil fuels or accidental discharge during the transport, use, and disposal of petroleum products (Cerniglia, 1992) . Due to their hydrophobicity, surfactants are often used for soil bioremediation in order to increase bioavailability of hazardous organic compounds by enhancing their solubility (Volkering et al., 1998) .
There have been a number of studies on the effectiveness of surfactants on biodegradation of PAHs, but results are inconclusive. Some reports have demonstrated that nonionic surfactants stimulate the biodegradation of PAH in liquid or soil systems (Guerin & Jones, 1988; Tiehm, 1994; Liu et al., 1995; Sartoros et al., 2005) . However, in other cases the presence of surfactants resulted in no or decreased PAH degradation (Tiehm, 1994; Lei et al., 2005; Li & Bai, 2005; Sartoros et al., 2005) . Such negative observations could be explained by one or more of the following effects:
(a) toxicity of surfactants due to surfactant-induced permeabilization or lysis of the bacterial cell membrane (Helenius & Simons, 1975; Cserháti et al., 1991) ; (b) toxicity of surfactant-enhanced aqueous PAH concentrations (Bramwell & Laha, 2000) ; (c) prevention of bacterial adhesion to the hydrophobic substrate (Neu, 1996; Stelmack et al., 1999; Chen et al., 2000) ; (d) decreased availability of surfactant-micelle-solubilized PAH (Guha & Jaffé, 1996a; Zhang et al., 1997) , and (e) competitive substrate utilization (Tiehm, 1994) .
Among the above effects, reduced bioavailability of PAHs in micelles is an inevitable property for micelle-forming nonionic surfactants. It is known that reduced bioavailability is attributed to the role of surfactant, which acts as a barrier that hinders direct contact of bacterial cells to micellar-phase PAHs (Guha & Jaffé, 1996b; Willumsen & Arvin, 1999) . Bioavailability is closely related to the fraction of direct contact between the cell surface and the compounds present in micelles. If the direct-contact fraction increases, the short-term response of bacteria will result in the increase of cell death. In the present study, we proposed for the first time a method to determine the fraction of direct contact by measuring toxicity instead of long-term biodegradability experiments. In order to analyze the directcontact fraction of a surfactant system, the concentrations of PAH in micellar phase and aqueous pseudophase must be separately established. The concentrations cannot be measured experimentally, but can be estimated by a mathematical partitioning model (Edwards et al., 1991 (Edwards et al., , 1994 . In this study, the toxic effects of PAH and/or surfactant on PAHdegrading bacteria were investigated at designed concentrations of PAH and surfactant by considering the aqueouspseudophase PAH concentration obtained by mathematical model.
Mathematical model
In an aqueous surfactant solution, the concentrations of monomer and micelle are given as
where S tot is the concentration of total surfactant (mol surfactant L À1 ); S mon is the concentration of surfactant in monomer form (mol surfactant L À1 ); S mic is the concen-
and CMC is the critical micelle concentration of surfactant (mol surfactant L À1 ).
The concentration of a hydrophobic compound in aqueous surfactant solution is expressed as
where C tot is the concentration of total hydrophobic compound dissolved in solution (mol HOC L À1 ); C aq is the concentration of hydrophobic compound in aqueous phase (mol HOC L À1 ); C mic is the concentration of hydrophobic compound in micellar phase (mol HOC L À1 ); and MSR is the molar solubilization ratio (mol HOC (mol surfactant) À1 ).
The MSR can be obtained from the micellar phase/ aqueous phase partitioning coefficient of HOC (K m ). The value of MSR can be expressed as (Edwards et al., 1991) 
where V w is the molar volume of water (0.01805 L mol À1 at 25 1C). The K m value can be calculated using equation 3 with a solubility value (S cmc ) at CMC instead of C aq and the MSR value obtained in the solubilization experiments with separate-phase HOC. The concentration of HOC in the aqueous phase for a given surfactant dose can be calculated by combining equations 1a and 3 into 2.
Rearrangement of the equation yields a quadratic formula and the solution is given by
where
Using the values (CMC and K m ) obtained in the solubilization experiments, C aq and C mic can be calculated from equations 2 and 5 at given S tot and C tot concentrations. The molar units of the concentrations were converted to gram units to compare with experimental results.
Materials and methods

Materials
Phenanthrene was used as a model PAH compound. It was purchased from Aldrich Chemical Company. Two commercially available nonionic surfactants, Tween 80 and Triton X-100, were used for the solubilization of phenanthrene and toxicity tests. They were purchased from Aldrich Chemical Company. The chemical properties of surfactants are listed in Table 1 .
Microorganism
Phenanthrene-degrading bacterium was isolated from PAHcontaminated soil and identified as Pseudomonas putida P2 by fatty acid analysis. The culture was preserved in cryostat vials with 50% glycerol at À 70 1C. To recover the frozen culture, a sterilized toothpick was stabbed into the cryostat vial, inoculated into 5 mL of nutrient broth (NB, Difco), and cultivated for 24 h. One milliliter of the culture was inoculated into 20 mL of NB and grown for 24 h once again. Cultures were harvested by centrifugation and washed twice with sterilized de-ionized water. They were resuspended in water and the OD at 600 nm was adjusted to 1.0. A 1/1000 dilution was made with sterilized water and 20 mL was used as an inoculum for all toxicity experiments.
Solubility
The solubility of phenanthrene was measured at various concentrations for two nonionic surfactants. Phenanthrene crystals were added to surfactant solutions, which ranged from 0 to 1 g L À1 , and autoclaved at 121 1C for 20 min. The dissolved-phenanthrene concentration was analyzed by HPLC after removal of excess crystals by filtration (0.2 mm PTFE filter, Whatman).
Toxicity experiments
Toxicity experiments were performed for four different kinds of tests: (i) solution containing phenanthrene only, (ii) solution containing surfactant only, (iii) various phe-
, and (iv) various surfactant concen-
Only phenanthrene-dissolved solution was prepared by dissolving phenanthrene crystals into 100 mL of aqueous solution and autoclaving at 121 1C for 20 min. Excess crystals were removed by filtration (0.2 mm PTFE filter, Whatman). The phenanthrene concentration of the saturated solution was quantified to be 0.92 mg L À1 by HPLC analysis. The saturated solution was diluted with deionized water and used for the preparation of solutions containing different concentrations of phenanthrene. The mixed solution of phenanthrene and surfactant was prepared by mixing two stock solutions with highest and lowest concentration of phenanthrene or surfactant. Tests were performed using 2 mL of liquid in a 5-mL borosilicate glass vial sealed with Teflon-lined septa. The total volume of the solution was identical for all the toxicity tests. Vials received 100 mL of microbial inoculum and were shaken at 100 r.p.m. in a rotary shaker at 25 1C for 3 h. Liquid samples of 20 mL, which were determined to contain c. 350 colonies per agar plate at initial time, were taken for the measurement of cell numbers. Triplicate runs were performed for each condition.
Analyses
Phenanthrene was analyzed by HPLC (Dionex) using a UV detector at 254 nm. A reversed phase analytical column was used, Supelcosil TM LC-PAH column (150 Â 4.6 mm), and the mobile phase (75% acetonitrile and 25% deionized water) was eluted at a flow rate of 1.5 mL min À1 (Woo et al., 2001) . The minimum detectable concentration of phenanthrene was c. 0.01 mg L À1 . Cell viability was measured by CFU after incubation for 2 days on nutrient agar (Difco) at 25 1C. Cell viability was normalized to initial cell number.
Results and discussion
Solubilization of phenanthrene Solubility of phenanthrene was determined in nonionic surfactant solution of Tween 80 and Triton X-100. The CMC value was obtained from the intersection of the projections from the linear portions of the apparent solubility curve above and below the CMC. The slope of the solubility curve at concentrations above the CMC provides a specific value for MSR. Table 1 shows measured values of CMC, MSR, and K m for each surfactant assessed. Values obtained fell within a range consistent with previous reports (Edwards et al., 1991; Prak & Pritchard, 2002) . These values were used for model calculation of phenanthrene concentrations.
Toxicity of single chemical
Toxicity of phenanthrene to P. putida P2 was determined by measuring cell numbers at various concentrations of phenanthrene in completely dissolved form, ranging from 0 to 0.92 mg L À1 (equals to solubility). Cell viability decreased with increasing phenanthrene concentration as expected, and was maintained at c. 30% at concentrations greater than 0.3 mg L À1 of phenanthrene (Fig. 1) . The low viability at intermediate phenanthrene concentrations was somewhat abnormal. It is likely due to instability of cell growth, which is very sensitive to experimental conditions such as cell inoculation and spreading on agar plate. It is impossible to experimentally measure the toxicity of phenanthrene at concentrations greater than its water solubility. However, it can be deduced that toxicity would be greater if phenanthrene directly contacts the surface of cells at the concentrations greater than solubility. Toxicity of surfactant itself was examined for Tween 80 and Triton X-100 at concentrations ranging from 0 to 5 g L À1 (Fig. 2) . In some samples, cell numbers were found to be higher than initial values. Cell viability did not decrease, but was in the range of 0.8-1.5 for both surfactants. Higher values than 1 indicates that these nonionic surfactants have somewhat positive effects on cells. Thus, neither surfactant had toxic effects on this strain. It has been reported that nonionic surfactants, such as the polyoxyethylene octyl phenols (e.g. the Triton X series), can solubilize the membrane lipid bilayer by integration into the cell membrane (Helenius & Simons 1975; van der Werf et al., 1995) . The fatty acid moieties of polyoxyethylene sorbitol esters (Tween 20-80) can also incorporate into bacterial membranes, but are less effective in solubilizing membrane lipids than the Triton X series (Willumsen et al., 1998) . However, in some cases Tween 80 and Triton X-100 demonstrated no significant toxicity as a result of measuring glucose mineralization. This is probably dependent on bacterial type as well as the ratio of surfactant concentration to cell density (Laha & Luthy, 1991; Willumsen et al., 1998) .
Toxicity of phenanthrene in surfactant solutions
Phenanthrene in aqueous pseudophase can directly contact microbial cell surfaces without any interference. However, in surfactant solution, there is a barrier of surfactant molecules between phenanthrene and microbial cells. Consequently, whole compounds in micellar phase will not affect microbial cells. The effect of phenanthrene in surfactant solutions on toxicity was examined at a fixed concentration of surfactant (Fig. 3) . Cell viability decreased with increasing phenanthrene concentrations for both surfactants. At a fixed surfactant concentration, both concentrations of phenanthrene in micellar phase and aqueous pseudophase increased linearly proportional to total phenanthrene concentration (data not shown). Therefore, toxicity increases naturally with increasing total phenanthrene concentration regardless of the fraction of aqueous pseudophase phenanthrene. The concentration ratio of micellar-phase to aqueous-pseudophase phenanthrene was c. 26, indicating that most phenanthrene exists in micellar phase. For example, the estimated phenanthrene concentration was 0.26 and 6.7 mg L À1 for aqueous pseudophase and micellar phase, respectively. At values of total phenanthrene below 5 mg L À1 , cell viability did not decrease significantly for either surfactant. In this concentration range, the estimated aqueouspseudophase concentration of phenanthrene was below 0.2 mg L À1 , while the micellar-phase concentration of phenanthrene was below 4.8 mg L À1 . This indicates that only a small fraction of micellar-phase phenanthrene affects the cell viability. Variation of surfactant concentration alters the partitioning of phenanthrene between micellar phase and aqueous pseudophase. The effect of surfactant concentration was examined at a fixed phenanthrene concentration. Cell viability increased with increasing surfactant concentration. Since the effect of surfactant on cell viability was negligible (Fig. 2) , results reflect phenanthrene partitioning between micellar phase and aqueous pseudophase. aqueous-pseudophase phenanthrene decreased with increasing surfactant concentration above CMC, as shown in the model calculation (Fig. 4) . Instead, micellar-phase phenanthrene increased to almost 5 mg L À1 , dramatically above CMC. The decrease of toxicity with increasing surfactant concentration indicates that micellar-phase phenanthrene did not significantly affect cell viability. This is likely because surfactant molecules forming micelles become barriers that hinder direct contact of phenanthrene with the microbial cell surface. However, the micellar-phase phenanthrene had a small effect on cell viability (Fig. 5) . For example, at 2.75 g L À1 of
Triton X-100, estimated aqueous-pseudophase phenanthrene was 0.06 mg L À1 . The cell viability was 0.1, which is lower than that observed for a phenanthrene toxicity test performed in pure water. Effective phenanthrene, capable of direct contact with cells, should be greater than the solubility value in order to show such low cell viability. This indicates that a small fraction of micellar-phase phenanthrene affected cells. In other words, more than 0.9 mg L À1 of micellar-phase phenanthrene (5 mg L À1 ) was able to directly contact cells. The fraction of direct contact was assessed to be c. 20% or more at below 2.75 g L À1 of Triton X-100. Direct contact could be explained by the formation of a hemimicelle around the cell surface, and dynamic transfer of phenanthrene from the hemi-micelle to the cell (Guha & Jaffé, 1996b) . Above 3 g L À1 of Triton X-100, cell toxicity apparently decreased, indicating the direct-contact fraction of micellarphase phenanthrene was also reduced. This result is reasonable since the possibility of direct contact would be reduced with increasing micelle concentration at nearly constant micellar-phase phenanthrene. It has been reported that the biodegradability of phenanthrene in micellar solutions by marine bacteria decreased with the increase of surfactant concentrations due to its reduced bioavailability (Li & Bai, 2005) . Guha & Jaffé (1996a) observed similar results, demonstrating that the directly bioavailable fraction of micellar-phase phenanthrene decreased with increasing surfactant concentration for the nonionic surfactants Triton X-100, Triton N101, and Brij 30. Triton X-100 solution containing phenanthrene was more toxic than Tween 80 as seen in Figs 3 and 5. This indicates that a greater fraction of micellar-phase phenanthrene in Triton X-100 than Tween 80 affected cell viability by direct contact with the cell surface. The estimated concentration profiles for Tween 80 by model calculation were very similar to that for Triton X-100, except at values close to the CMC (data not shown). Considering the toxicity of phenanthrene in pure water, the fraction of direct contact would be less than 10%. The lower fraction of direct contact may be attributed to higher hydrophilicity of Tween 80 [hydrophilic-lipophilic balance (HLB = 15.0)] than Triton X-100 (HLB = 13.5). The more hydrophilic chains in Tween 80 may hinder the interaction between micelles and bacteria with hydrophobic cell surfaces and, consequently, the direct transfer of phenanthrene from the micelle to the cell.
Conclusions
Toxic effects of phenanthrene and/or nonionic surfactants on phenanthrene-degrading bacteria were investigated in order to find the fraction of direct contact between micellarphase phenanthrene and the cell surface. At a fixed phenanthrene concentration, toxicity increased with an increase of surfactant concentration. This is attributed to the decreased concentration of aqueous-pseudophase phenanthrene and the reduced fraction of direct contact along with an increase of surfactant concentration. This finding was made possible by estimating the concentrations of phenanthrene in the micellar phase and aqueous pseudophase separately by mathematical modeling. This approach to measure toxicity may represent a superior method to find the fraction of direct contact between a micellar-phase compound and the bacterial cell surface. Certainly, additional methods assessing more accurate estimation of direct-contact fraction should continue to be investigated.
